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Abstract. We investigate the possibility that the excess of physics scenarios which could lead to a four-jet excess. One
four-jet events ire*e™ collisions at LEP-1.5 which has been such scenario is discussed in this article, namely, supersym-
reported by the ALEPH Collaboration could be due to themetry with violation of R-parity as a possible candidate for
production of charginos or neutralinos, followed by their this effect.

decay into quark jets through baryon number-violating)( The basic idea expanded in our work is rather simple.
couplings. An estimate at the parton level shows, however\We consider two possibilities within the framework of the
that these events cannot be due to neutralinos because of thMinimal Supersymmetric Standard Model (MSSM) wift

low cross-section, and is unlikely to be due to the produc-parity violation [3, 4].

tion of chargino pairs because of the largely different event ) ) o .
shapes. 1. The lightesheutraling which is assumed to be the light-

est ! supersymmetric particle (LSP), may have mass
around 50-55 GeV and be pair-producedeir™ colli-
sions at LEP-1.5. IR-parity is not conserved, these neu-
tralinos could decay [5] and the invariant mass of the de-
cay products of each would peak around 50-55 GeV. The
sum of these invariant masses would then peak around
105 GeV. If R-parity is violated through baryon number-
violating couplings &”), the neutralinos will decay into
three quark jets each, which could then merge to give
the distinctive four-jet signals.

The lighterchargino (which is assumed to be heavier
than the lightest neutralino) may have mass around 50—
55GeV and be pair-produced similarly at LEP-1.5. As
before, when the charginos decay, the sum of invari-
ant masses of the decay products of both would be ex-
pected to peak in or around 105 GeV. We then envisage
the decay ofeachchargino to a neutralino (LSP) and a
pair of quark jets; this LSP then decays throughcou-
plings into three jets. Thus one has ten jets in all, which
could then merge to give four-jet signals. We could also,
in principle, expect signals in channels with more jets,
though, as it turns out, these are not really significant.

1 Introduction

In the last few months, considerable interest has been gen-
erated by fresh results coming from the LEP Collider at
CERN. Upgradation of the collision energy to 130/136 GeV
has given rise to expectations that one might see new physic
effects at this energy. However, most of the results obtained "
till now at this LEP-1.5 collider are consistent [1] with the
predictions of the Standard Model (SM) and merely lead to
new constraints on physics beyond it. There is, however,
one notable exception to this trend. The ALEPH Collabo-
ration has reported [2] an excess over the SM prediction in
the e*e™ — four-jetschannel. The number of events in the
data sample of 5.7 pt3 which satisfy the rather stringent
criteria imposed for this search is 16, which is significantly
in excess of the 8.6 events predicted by the SM. Of these 16
events, 9 have a four-jet invariant mass of about 105 GeV.
The rest are consistent with the SM background.

This observation is rather hard to interpret. Unless theRecently, it has been pointed out [6] that it is possible for
observed result is due to a statistical fluctuation, which isthe chargino to decagirectly into jets throughR-parity vio-
somewhat remote in view of the low estimated probability lating A" couplings without the intermediacy of a neutralino
of 1074, it seems natural to assume that both the measureas considered in 2. This is an exciting possibility but we do
ment and the SM prediction are correct and hence, the foumot pursue it here; our assumption being that the neutralino
jet excess is a genuine new physics effect. While this mayis suficiently lighter than the chargino and that the relevant
seem to be unduly optimistic at this preliminary stage of the)\” coupling is too small for the direct chargino decay to
upgraded LEP runs, it is nevertheless amusing to probe new

1 This is natural in aR-parity conserving scenario, but is not essential if

* on leave of absence from the Department of Physics, University of R-parity is violated; however, we keep this configuration since it involves
Bombay, Mumbai, India the minimum change from the familiar MSSM scenarios
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compete with the usual MSSM decay mode. This is consisinto four-jet events by merging the pair of jets which has
tent with our philosophy of keeping the changes from thethe minimum dijet invariant mass. They report the observa-
conventional MSSM scenario to a minimum. tion of 16 events which satisfy all these criteria against a
We analyse the above signals using a parton-level Mont&&M prediction of 8.6 events. What is even more interesting,
Carlo event generator to scan the MSSM parameter spac@owever, is the distribution in four-jet invariant mass. If the
The use of a parton-level generator has two advantagps: ( jets are numbered 1,2,3,4 add\/ = min | M;; — My, | out
it is quick, so that a detailed study of the parameter space isf the combinations;j; kI = 12;34 or 13;24 or 14,23 respec-
possible; andy) the analysis is relatively simple so that one tively, then for 9 of these events the four-jet invariant mass,
can focus on the basic physics issues. On the other handgefined as the sunt'M = (M;; + My,) for the combina-
this approach has the obvious drawback that the algorithm#on ij; kI which yields AM, lies within 102.1-108.4 GeV.
used to analyse jets are necessarily crude. Hence our resultie predicted SM background in this bin is about 0.8 events
should be considered diagnostic only. The issues which havéor 5.7 pb! luminosity. The probability of this accumula-
been addressed in this work are confined to checking if thdion being due to a fluctuation in the SM background is as
processes under consideration are at all viable and (if such igstimated to be as low asllx 1074 [2].
the case) to identify the relevant part of the MSSM parameter In Sect. 2 we discuss the decay of the LSP in the
space. In case of a viable signal, our investigation could, irparity violating model of our choice and explain our tech-
principle, aid further studies of the process in which theniques for analysing multijet signals. Sect. 3 analyses the
analysis of jets is done in greater detail. possibility that the four-jet anomaly may be due to neutrali-
Before we pass on to the details of our analysis, it wouldnos. In Sect. 4 we make a similar discussion for charginos.
be appropriate to discuss in greater detail the nature of th€&inally, Sect. 6 contains a summary of our results and con-
multijet events we are analysing. The events seen by thelusions.
ALEPH Collaboration [2] consist of spherically distributed
multijet events where the event shapes are consistent with a
purely hadronic final state. All events satisfy the requirement2 LSP decay with baryon number violation
that the net visible energy of the jets is at least 70% of
the centre-of-mass energy at LEP-1.5. Moreover there ar&he crucial feature of our analysis is the decay of the neu-
practically no displaced vertices in the microvertex detectortralino (assumed to be the LSP) into jets througtparity
indicating that the jets originate from light quarks or gluons violating couplings. These couplings can, in general, be of
rather tharb-quarks. two kinds: those that violate lepton number and those that vi-
To select these events out of the SM multijet backgroundplate baryon number. lothare present, the theory predicts
the ALEPH Collaboration has imposed a number of kine-a large width for proton decay which is inconsistent with
matic and other cuts on the jets. The principal backgrouncturrent data [7]. Accordingly, one has to assume that either
comes from the procesSe™ — qq followed by gluon radi-  |epton or baryon number-violating couplings are present, but
ation from the quarks. Most of the gluon jets, however, will not both. For the purposes of this work, we assume that there
be soft and much of this background is eliminated when theare no lepton number-violating couplings and concentrate on
following selection criteria are imposed: baryon number-violation only. The baryon number-violating

1. At least eight charged particle tracks must be reconterm in the superpotential has the form [3]

structed with at least four hits in the time projection - _ " frefye pe
chamber, with a polar angk with respect to the beam 7p= Z Aijin Ui D Di (1)
such that| cosf |< 0.95 and originating within a cylin-
der of length 20 cm and radius 2 cm coaxial with the where U/, D¢ are chiral superfields containing the right-
beam and centred at the nominal collision point. handedu, d-quarks and the indices j, k run over the three

2. The scalar sum of the charged particle momenta musguark generations. This leads to the interaction Lagrangian
exceed 10% of the centre-of-mass energy.

3. RadiativeZ® returns are removed by requiring the miss- ;" = — > "\, [H};z—cﬁgkdzj

ijk

ing momentum measured along the beam direction to be ik

smaller than 5(m,;s — 90 GeV), wherem,,;, is the ~ — ~ = .

invariant mass of the system formed by all energy-flow *dpjuridyy + dedeuLi} +H.c. (2
particles.

4. Events with fewer than four jets are rejected. Though colour indices are not explicitly shown, the interac-

5. None of the jets (in the four jets sample) contains mor
than 80% electromagnetic energy.

6. The dijet invariant mass of each pair of jets in ther-jet
sample (6 pairs in all) is not less than 25 GeV;

7. The sum of pairs of jet invariant masses is not less tha
10 GeV;

8. Each pair of jets has a minimum of 10 charged track
between them.

tion term must be a colour singlet; this requires #fg, to
®be antisymmetric in the last two indices.

One can now envisage the decay of a LSP into a quark
and an off-shell squark which then goes to a pair of quarks
hrough the above baryon number-violating couplings [5].

here are three possible diagrams corresponding to the three
terms in the interaction Lagrangian and these are shown in
SFig. 1. For this study, we assume that the couplifg, is
dominant and that the others may be neglected. This is not an
It should be noted that the ALEPH Collaboration observeessential requirement of the theory, but is the simplest option
no six-jet events and all five-jet events have been convertefB]. However, it is important to note that the decay width
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Fig. 1. Feynman diagrams contributing to the decay of the LQB for

a _baryon number-violating;}k coupling. Only right squarks contribute to
this process

is proportional to the square of this coupling,, only, so
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the chargino contribution to th&-total width is large. Fur-
thermore, forAM~ < 150 GeV, one should have [13] seen
spectacular multijet signals at LEP-1, which is not the case.
However, one certainly needs to consider a somewhat larger
allowed region in the MSSM parameter space than is the
case forR-parity conserving models.

Since the decay of the LSP will lead to final states with
several quark jets, we now explain our method of determin-
ing the number of distinct jets. As explained before, we use
a simple parton-level Monte Carlo event generator which
is unable to simulate the details of the hadronic fragmenta-
tion. We therefore make the somewhat crude approximation
that the direction of the parent parton is the same as that
of the thrust axis of the resulting jet and that the hadronic
material is confined to a cone around it. Thus, if the direc-
tions of two partons which engender jets are separated by
\/AnZ +A¢?2 = AR < 0.7, we consider the jets to have
merged. While we recognise that this approximation is a
somewhat crude one, it is a commonly used rule of thumb
in analyses of jets produced around the electroweak scale, at
least at hadron colliders [14]. We have also considered the
Durham algorithm (used by the ALEPH Collaboration) for
the jet-merging procedure, merging partons wjtk: 0.008
rather than the fixed cone algorithm discussed above, but
the final results do not change by more than a few percent
from the results presented in this work (using the cone al-
gorithm). Once a pair of jets is considered to have merged,
the momentum and thrust axis of the resultant jet are con-
structed simply by vectorially adding the three-momenta of
the original jets.

In our analysis we consider the production of a LSP pair
or a chargino pair and their subsequent decay to multijet final
states. These are allowed to pass through the ‘jet'-merging
algorithm described above and the reconstructed ‘jets’ (by

that the couplingzancelsout of numerator and denominator \yhich we mean one or more partons, or more specifically,
in the branching ratio. In any case, since this is the onlyquarks) are passed successively through the following kine-
decay mode of the LSP in the scenario under considerationmatic cuts, which more-or-less follow those used by the

the branching ratio of the LSP to jets is unity. It is also ALEPH Collaboration in their analysis:

important to note that tha},, coupling ensures that there
are nob-jets in the final sample, which is what the ALEPH 1.
Collaboration find&

Till the present date, no diresearchhas been made at
LEP-1 for R-parity violating signals in the presence &f
couplings, though corresponding searches have been made
assuming the presence dtouplings [9] and strategies have
been discussed for and\” couplings [10]. Thus, there are
no direct bounds from LEP-1 data on MSSM parameters in
this scenario. Such a study is, however, possible, and is in2.
progress [11]. Moreover, since the LSP decays (into jets), the
usual missing energy signals are not expected to be seen. In
view of this, the only constraint coming from LEP-1 data is 3.
the requirement that the contribution of LSP pair-production
to the totalZ-width should be consistent with the SM predic-
tion and the experimental error [12]. There is also a strong
bound from the nonobservation of charginos at LEP-1 lead-4.
ing to the requirement that the mass of the chargino should
exceed 45 GeV; however, this constraint affect roughly the

The jets should have rapidity less than 3, since this
roughly corresponds to the polar angle cut used by the
ALEPH Collaboration. It turns out, however, that most
of the jets which contribute to the final signal have ra-
pidity < 2, so we could easily accommodate a more
stringent rapidity cut without affecting the signal. This
may ultimately be required in view of the lower detection
efficiency for high rapidities.

The scalar sum of momenta of the jets in the final anal-
ysis must be greater than 0.1 of thee~ centre-of-mass
energy, i.e. 13GeV,

The sample should contain four or more jets only. All
five-jet events are converted into four-jet events by merg-
ing the pair of jets with the minimum invariant mass.
Events with six or more are jets are counted separately.
The dijet invariant mass of each pair of jets in the four-jet
sample is greater than 25 GeV.

same region of parameter space as the previous one, since In the absence of detector simulation, calorimetic cuts

2 Actually one of the 16 events does contain [8]jets, but this could
well arise from the QCD background.

cannot be imposed. Moreover, in our parton-level event gen-
erator, we are unable to impose constraints which involve
the invariant masses of individual jets or the multiplicity
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of charged tracks, since that would be possible only in a
simulation which takes into account the hadronisation pro-
cesses. Accordingly, we make thd hocassumption, in the 10
following discussion, that the supersymmetric signal is re-
duced by 40% by cuts of this nature. The choice of this
factor is guided by the reduction in the signal and back- £
ground presented by the ALEPH Collaboration, which are £
27% and 47% respectively. While we recognise that this is a”
rather crude approximation, it is not likely to affect the con- 9
clusions of our study, as we shall see. It should be noted that

we have not included this reduction factor in the kinematic
distributions shown in this work; these would accordingly | | | |
be reduced_ and probal_)Iy sm_eared further by application of 40 45 50 55 60 65
these cuts in a simulation which takes account of fragmen-

tation. Mgo (GeV)

A A

Standard Model

Fig. 2. Scatter plot showing the number of four-jet events arising from
(lightest) neutralino pair-production against the mass of the neutralino

. . . . for values of M~, u,tang allowed by LEP-1 constraints (assuming 5.7
3 Four-jet excess from neutralino pair-production Ty ' _
pb~1 luminosity). We set the sneutrino and right selectron masses to

We first consider the scenario when the four-jet signal is” = ™, = 80GeV and the squark mass~ = 300 GeV. The cross-
due to the production of a pair of neutralinos (LSP’S). For section decreases as the former increases and is insensitive to the latter
this, one requires the mass of the LSP to lie in the range

allowed by LEP-1 data and accessible to LEP-1.5. This au- . . .
tomatically restricts our analysis to a limited region in the S€duently, the final cross-section has very little dependence

MSSM parameter space obtained by variation of gluino masé’_n.the squark mass, especially yvhen the val-ue. becomes sig-
(M-), Higgsino mixing parameterj and the ratio of vac- nificantly larger than the neutralino mass. This is always the
g L

uum expectation values of the two Higgs doublets @an case if the squark mass is taken as 150 GeV or above. In our
De endFénce on the squark mass is mgi]r?imised b considerqnalySiS we set the squark mass to 300 GeV for definiteness.
P d y At this point, it might be worth mentioning that a much

ing the gluino mass e_valugted at the electroweak scale, i'?bwer value of squark mass is probably consistent with
M;(M;). of course, in this v.vgrk,' we havg made the 8S” CDF/DO bounds in a scenario in whidkrparity is violated.
sumption of gaugino mass gmflcatlon at a high scale, Whlcl"burrent CDF/DO bounds [18] on squark as well as gluino
enables us to use the glm_no mass as a parameter of tnﬁasses are derived from signals which trigger on missing
eIectroweak.gauglno sector,.however, the analysis unld b nergy and momentum and may be considerably relaxed
unchanged if we relgxed this hypot.heS|s and used instea 6] if the LSP decays, especially in the case where baryon-
the soft-SUSY breakmg parameth in the S.U(Z) Sector. 1 mber is violated. Limits on squark and gluino masses from
The cross-section for production of a pair of neutrallnosCDF/D0 data in the case dt-parity violation with \” cou-

has been calculated in the MSSM, in terms of the above_. ; ; ;
' lings have not, in fact, been investigated thoroughly, though
parameters, by a number of authors [15]. We have checke uch an analysis is, in principle, possible [17]. In any case,

that_ our cross-sections are consistent with theirs, both aor the present analysis, squark masses are set rather high,
alytically and numerically. It may be noted that neutrali-

duced th h 17 h I so we have not exploited the absence of a bound. On the
nos are produce roughchannelZ exchanges as we other hand, wehave used gluino masses in the ranges al-

a_s_t,u-channeIEL,'éR exchanges and hence are rather S€Mowed by LEP-1 without reference to CDF/DO. Of course
sitive to the masses of the selectrons for the case when th((;n -

neutralino is gaugino-dominated. In fact, the cross—section%lt
fall as the selectron masses go up. As we shall see presentl;,(r

) ) ! . Krelevant as a parameter.
the predicted number of four-jet events from neutralino pair- The results of our analvsis of the four-iet sianal arisin
production is small, so it is desirable, for our purposes, to y ] 9 9

choose the parameters to maximise the cross section. This {gom heutralinos of the appropriate mass is Shown in Fig. 2
achieved by choosing the selectron masses as light as pos&§ a scatter plot of the pred|cte_d number of four-jgt events
ble. We have chosen the left-selectron mass consistent with % 5> the mass of the neutra_lllno (LSP). Each point in the
sheutrino mass of 60 GeV; the right selectron is also choseﬁcaﬁer plot corresponds to a o_llfferent Setmg{ #,tang) in
to have a mass of 60 GeV. These values are more or less $1€ ranges\/> = 0.1 to 1 TeV (in steps of 10GeV), = -1
the edge of the allowed range [1]. TeV to 1 TeV (in steps of 25 GeV) for tah= 1.5, 2, 5, 10,
The decays of the LSP are mediated by right-squark ex15, 20, 25, 30, 35 respectively, subject to constraints arising
changes and hence one has a nominal dependence on tfjem LEP-1 data and kinematic accessibility to LEP-1.5. For
relevant squark masses too. This is rather weak, howevethis plot, we have taken the sneutrino mass to be 60 GeV
because, the branching ratio being unity, the only effect offor reasons explained above and set the masses of squarks
increasing the squark mass is to change the kinematic distriPelonging to the first two generations ta~ = m; =
butions of the decay products. After merging of jets, how-300GeV. It may be noted that the number (which assumes
ever, much of this effect — such as it is — is washed out. Con5.7 pb* integrated luminosity at/s = 130 GeV) of four-jet

a high scale, in which case the gluino mass would become
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Table 1. lllustrating the effect of various cuts on the neutralino induced 300

multijet signal of Fig. 2 for specimen points in the parameter space
(m;, u,tang) (340,-400,2) (360,-300,15) (370,300,30) 250
M;() 51.9GeV 51.9GeV 51.8GeV <
1 (&
produced neutralino pairs 6.13 5.75 5.59 O 200
2 Hjet> 0.1y/s 6.13 5.75 5.59 o
> 4 jet events only 3.32 3.10 3.01
M;; > 25 GeV 2.09 1.96 1.90 150
Multiplicity & jet masses  ~1.25 ~1.18 ~1.14 we |2 Disallowed
Disallowed \e®
100 ‘ : ‘
-1000 -500 O 500 1000
events never rises above 1.8 events which, added to the SM 1 (GeV)

background of 8.6 events, barely touches 10.4 events and
never approaches anywhere near the ALEPH observation afig. 3. Bullets mark points corresponding to (1& 0.5) SM plus
16 events. It is quite clear, therefore, that the pair-productiorshargino-induced four-jet events and 50 GeV M~, < 55GeV. Each
of neutralinos followed by thei?-parity violating decays point is obtained withsome value of tan3 amonlg the set tafi =
cannot be the explanatioof the observed excess in four-jet 1.5 2,5, 10,15, 20, 25, 30, 35. M;(u) is sampled in steps of 10 (25) GeV.
events. This is a fairly robust result despite the crudity of oursolid lines bound the LEP-1 excluded regions for marked values g8 tan
parton-level analysis, since it is hard to see a more refinednd the dotted lines bound the region kinematically accessible to LEP-1.5
analysis changing the result by a factor of 4 or more, whichfor the same values of tgh Dotted and solid curves rise (fall) with tgh
would be required to explain the observed events. in the left (right) half-plane
The numbers displayed in Fig. 2 may seem unexpect-

edly small,_ in view of the fact that the neutralino production 1., decays (as before) to three jets. Either of the following
cross-section can be as large as 1-1.5 pb at LEP-1.5 [15};; :

. 7= : o hings can happen:
The explanation for this lies in the selection criteria imposed o
by the ALEPH Collaboration. The effects of these criteria are 1. Both off-shelllW*’s can decay to hadrons, making five

illustrated in Table 1 for three specimen points in the param-
eter space where the cross-section is relatively large and the
neutralino mass lies around 52 GeV, which means the distri-2.
bution in the sum of dijet invariant mass would be peaked
around 104 GeV. Initially, about 6 neutralino-induced events
are indeed predicted. The cut removing soft jets makes no
impact on the signal. This is easy to justify using simple
kinematical arguments. However, the channels with four or 3.
more jets retain only about half of this cross-section. This
is, in turn, further reduced by one-third by the requirement
that the dijet invariant mass of each pair of observed jets be
greater than 25GeV. The signal is already down to about4.
2 events and can be expected to fall to barely more than
1 event by application of cuts on charged track multiplicity

jets in all from each chargino. The ten jets in the final
state can then merge to give four-jet events.

One off-shellW* can decay to leptons and the other
to hadrons. The leptons can evade detection if they lie
within the jets coming from the decay of the neutralino
and the othefV*. After merging of jets, this configura-
tion, too, can yield some four-jet events.

One off-shelllW* can decay to leptons and the charged
lepton can be isolated from the jets, leading to a signal
with a hard isolated lepton (electron or muon), missing
energy and multijets.

Both off-shellW*’s can decay to leptons leading to a
signal with a pair of hard leptons (electrons or muons)
of opposite sign, large missing energy and multijets.

and jet invariant mass. L Of these, the first two will contribute to the four-jet excess
Finally, it may be noted that the effects of initial state ra- 5pserved by ALEPH. They can also, in principle, lead to
diation can, in general, increase the neutralino pair-mtjet events with higher multiplicity than the four- and
production cross-section [2] because the effective centrefive-jet events studied by ALEPH, since, after all, we start
of-mass energy then falls back near ti@esonance; how- it ten jets. The other two options will lead to clear signals
ever this drives us closer to the threshold for production ofynich should be observable not only by ALEPH but also
neutralinos so that the cross-section undergoes some phas,gy the other detectors at LEP, provided the signal is large
space suppression. The net result of these opposing effecig,ough. This would constitute an extra test of the scenario
is, in general, to keep the cross-section just so. In any casgynqger consideration, provided it proves workable in the first
however, the final numbers for neutralino production are S%hlace.
small that this point is merely academic. Like the cross-sections for neutralino production, the
cross-sections for chargino pair-production are also well
known and we have checked that our results are in agree-
ment, both analytically and numerically, with those of earlier
authors [19]. As the predicted cross-sections for chargino
We now turn to the other possibility that the four-jet signals production are much larger than those for neutralinos, we
arise from the production of a pair of (lighter) charginos get a sizable residue after application of all the relevant cuts.
of mass in the range 46—65 GeV which is allowed by LEP-The decays of the chargino to a neutralino and a pair of light
1 data and accessible to LEP-1.5. Each chargino decays fguarks areR-parity conserving and again have been studied
a neutralino (LSP) and an off-shell W-boson which thenbefore [20]. The novel feature of our analysis is simply the
goes to a pair of jets or a pair of leptons. The neutralinodecay of the neutralino (LSP) into jets.

4 Four-jet excess from chargino pair-production
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Fig. 4. Cross-section for pair-production of the lightest chargino as a func- Fig. 5. Scatter plot showing the number of four-jet events arising from pair-

tion of sneutrino mass. The parameters are chosen to agree with the ﬁr?;roduction of the lighter chargino against its mass for valugg/ef 11, tan3

column of Table 2. The bullet shows the value of sneutrino mass which . . 9

yields the numbers in Figs. 3 and 5 and in Table 2 allowed by LEP-1 constraints. We set the sngutr]no mass to_ 6_35 GeV and
the squark mass to 500 GeV. The cross-section |ncrease3nmlf/|{m the
allowed region and is insensitive m;

In order to have charginos of mass in the appropriate
range, we are, as before, restricted to a part of the MSSM )
parameter space. This corresponds to the region betwee®f 10GeV), =—1 TeV to 1 TeV (insteps of 25 GeV) for
the solid and dotted lines (for each t@nin Fig. 3. Wwe tang =15, 2, 5, 10, 15, 20, 25, 30, 35 subject, as before,
have not included CDF/DO bounds in this figure for reasonsf0_constraints imposed by LEP-1 data and accessibility at
explained above. Thus, we consider a fairly large part of thd-EP-1.5. Again, as before no CDF/DO constraints are im-
parameter space which supports the relevant masses of tf@sed. The points marked by bullets in Fig. 3 are selected
lighter chargino. out of Fig. 5 by imposing the conditions that the number of
The chargino production cross-section has contributionsgour'Jet events is (16-0.5) and 50 Gel MI* < 95 GeV.

from s-channely, Z exchanges and-channel exchange. It should be noted that the bullets correspoﬁdcbmevalue

The variation of the chargino cross-section with the massf tang among the listed values; not necessarily one of the
of the sneutrino is given, for a fixed set of other MSSM values marked on the contours. Thus, points which lie in the
parameters, in Fig. 4. Theandt channel contributions are region ruled out for tafy > 5 correspond to tafi = 1.5 or
known [19] to interfere destructively, leading to a dip in the 2.

cross-section for some values of the sneutrino mass when It may be seen that the events are fairly densely clus-
the charginos are gaugino-dominated, as is the case in thigred in an arc which gradually goes down as the chargino
figure. The dip arises in the region; ~ 30—40 GeV, which  mass increases. This is indicative of phase-space suppression
is ruled out by LEP-1 data. Thus, in the allowed region, therather than a diminishing coupling. For this figure, the sneu-
cross-section essentially grows with sneutrino mass, withtrino mass has been tuned to 65 GeV in order to ensure that
a tendency to saturate as the mass goes as high as a felne number of four-jet events consistent with the ALEPH
hundred GeV. In this work, we shall require a somewhatobservation should be compatible with a chargino mass of
small chargino production cross-section, so that it becomes0-55 GeV, at least for the range where the points are most
desirable to choose a sneutrino mass at the lower end. Wickly clustered. Since there are many poiat®vethis re-
choose 65GeV, which is marked by a bullet in the figuregion, it should be possible to decrease the sneutrino mass
and corresponds to a cross-section of about 8 pb. (this decreases the cross-section as shown in Fig. 4) further.

We then consider decays of the charginos to LSP’s andiowever, if one increases the sneutrino mass, the cross-
jets and/or non-isolated leptons, followed by decays of thesection and hence the number of four-jet events goes up and
LSP’s to jets. This involves, as before, a nominal depenwe are then confined to just a few points in the parameter
dence on the squark mass, which, is, however, weak, as ifipace which would give the required mass of the chargino
the case of neutralino production. We set the squark masand the required number of events. It may be concluded,
to 500 GeV in the subsequent analysis. The ten (or eightjhen, that the chargino solution to the four-jet excess problem
jets in the final state are passed (as in the neutralino casddvours a light sneutrino witin~ ~ 60— 70 GeV (though it
through our simple-minded jet-merging algorithm to deter-does not demand this absolutely). What is important, how-
mine the number of distinct jets. These results are illustrated@Ver, is that oneanfind at least a tentative explanation for
in Fig. 5 which is a scatter plot of the predicted number ofthe ALEPH excess in terms of chargino pair-production.
four-jet events for chargino masses in the range 45-65GeV |n Table 2, we show the effect of different kinematic
for different values of the MSSM parameters. As in Fig. 2, cuts for three points in the parameter space where the cross-
each point in the scatter plot corresponds to a different segection is consistent with the ALEPH observation and with
of (M, p, tanf) in the ranges\/; = 0.1to 1 TeV (in steps  a chargino mass of around 54 GeV. These effects are rather
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Table 2. lllustrating the effect of various cuts on the chargino-induced mul- ‘ ‘
tijet signal of Fig. 5 for candidate points in the parameter space. Numbersin g | Mg =160 GeV
parantheses show the contribution from events where the final state contains W =-600 GeV
a lepton which goes undetected tanp=2
4 L 4
(m;,;htanﬂ) (160,-600,2) (200,500,15) (200,400,30)
c
M;i 53.7GeV 54.5GeV 54.3GeV is) 3
1 4] [ 7]
M»Xv0 25.0GeV 28.2GeV 28.3GeV g
1
produced chargino pairs 30.0 (9.4) 27.9 (9.5) 28.3 (9.7) Lﬁ 2 L ]
Y Pjec> 0.1y/s 30.0 (9.4) 27.9(9.5) 28.3 (9.7)
> 4 jet events only 18.5 (4.8) 175 (5.2) 17.8 (5.4)
M;; > 25 GeV 12.8 (2.8) 12.7 (3.5) 12.8 (3.5) ]
Multiplicity & jet masses ~7.7 (1.7) ~7.6 (2.1) ~7.7 (2.1)
+ SM background ~16.3 ~16.2 ~16.3 ‘
60 80 100 120 140 160
15 ‘ ‘
Mg = 160 GeV IM (GeV)
t; - 6_02 GeVv Fig. 7. Distribution of four-jet events against the four-jet invariant mass
b= XM for 5.7 pb~1 luminosity. The solid line represents the prediction from
10 | | chargino pair-production for the parameters in the first column of Table 2.
" The dotted line represents the actual observation of the ALEPH group while
b= the dashed line represents the SM background (after Fig. 2 of [2]). The 40%
Q reduction assumed for charged track multiplicity and jet invariant mass cuts
w is not applied
5 L 4
It is also noteworthy that the region in parameter space
] which gives a viable cross-section for chargino pair-
0 1 2 3 ;1 5 ‘6 7 production leads to a LSP mass of 25-28 GeV. As explained
before, this is constrained, by the tofalwidth only because
Jets of the presence of” couplings. Hence such a low value for

Fig. 6. Distribution of events in multijet channels for production of chargino the LSP mass will be allowed in our Scena-“o under cur-
pairs corresponding to the first column of Table 2 and 5.7 plaminosity. rently available LEP-1 a?nd. LEP-1.5 .ConSt.ramtS' However,
Cuts onM;; and AM are not imposed. The 40% reduction assumed for itis perhapg, worth mentioning that with this I_-SP mass one
charged track multiplicity and jet invariant mass cuts is also not applied Would predict 2.1, 7.6, 7.9, 3.6, 0.5 events in the 1, 2, 3,
4, 5-jet channels respectively for parameters corresponding
to the first column of Table 2 (the numbers are quite simi-
similar to those in Table 1. We start with about 30 events.lar for the other two columns). These jets would not affect
Once again, the cut removing soft jets makes no impact orihe signal in Table 2 because of the lower invariant mass of
the signal (the reasons are the same as before) and the fouhe jets, but might possibly be observable (though the QCD
or-more-jet channels contain about 60% of the signal. Theackgrounds would also be significant). It would be inter-
requirement that each dijet invariant mass be greater tha@sting to conduct such a search within a more general study
25GeV reduces this to about 43% and the final reductiorof supersymmetry signals in the presence\6fcouplings.
by about 40% due to multiplicity and jet invariant mass cutsSuch a study has, in fact, been taken up [11].
brings the signal down to the required level, which is about Let us now address the important question of event
25% of the original cross-section. Events where there is &hapes in the scenario discussed in this work. The parameters
lepton which goes undetected because of its non-isolatiomre chosen such that the mass of the produced chargino is
from the nearest jet make up about a quarter of the excessround 52-54 GeV. One should, therefore, expect the four-
contribution. jet invariant mass to peak at 105 GeV or thereabouts. How-
It is interesting that the jet merging algorithm makes theever, the peak is much smeared out because of the jet-
four-jet channel thelominantone, though some three-jet and merging effects. There is a further smearing due to addition
five-jet events are also predicted. This is illustrated in Fig. 6.of the contribution from events with a lepton and a neutrino
Just a single six-jet event is predicted — which is consistent- in these the neutrino carries away some energy, shifting the
with the ALEPH observation of none, in view of the low invariant mass peak lower than expected from the chargino
statistics. The five-jet events are subsequently converted tmass alone. Further smearing effects could come from en-
four-jet events in our analysis, following the ALEPH Col- ergy rescaling and detector effects, though these are not done
laboration. The three-jet events, of course, have large QCere. Our final result is illustrated in Fig. 7, where the solid
backgrounds. The fact that the ten jets from chargino decajine represents the four-jet events predicted in each bin of
merge to give multijet signals which peak for precisely four- width 3.15GeV. The parameters are chosen to match the
jets is a somewhat unexpected result and is one of our modirst column of Table 1. (We have checked that the distribu-
important observations. It is worth mentioning at this junc- tion does not change much for the other two columns.) The
ture that the use of the Durham algorithm for jet-mergingdistribution showed by the solid line includes the SM dis-
does not change this conclusion. tribution which is also shown separately by the dashed line.
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Fig. 9. lllustrating the angular separation between a single lepton and the
nearest jet for 2,3,4,5 (marked next to the appropriate curve) accompanying
jets. Parameters are chosen as in Fig. 8. There is a cut of 10GeV on the
minimum energy of the lepton

Fig. 8. Distribution of jets accompanying a single isolated lepton for 5.7

pb—1 luminosity for the parameters in the first column of Table 2. Solid,

dashed and dotted lines are obtained with isolation cutd Bf > 0.4, 0.5

and 0.6 respectively between the lepton and the nearest jet. There is a c
of 10 GeV on the minimum energy of the lepton

In Fig. 9 we exhibit the isolation of the single hard lepton

. from the nearest jet for each multijet channel. As we have

The dotted lines show the actual data observed by ALEPHyst noted, it is interesting that most of the leptons lie within
(Fig. 2(a) of [2]). It is clear that while our distribution is thjs nearest jet or very close to it. Since most of the jets
an improvement on the SM, it is too broad to be a viablejn this analysis arise from merging, one should expect the

explanation of the observed events. In fact, the distributionjets to be rather fat and hence the choice of the cutoff value
shown has about 21 events, since the reduction of 60% igf AR,,,, may be taken as 0.5 or even 0.6 rather than

not included. With this Cut, the distribution would look even the canonical choice of 0.4. In that case it may be even
flatter. The probabllty that the observed distribution is a.ﬂUC'more difficult to isolate the Chargino Signa' from the SM

somewhat better than the SM case, but not large enough fqgquire a more detailed simulation of jets and is outside the
this possibility to be taken seriously as an explanation of thescope of the present work.

ALEPH four-jet events. Accordingly we conclude that the

pair-production of charginos and their decays as conceived

here cannot explain the ALEPH four-jet anomaly. This con-5 symmary and conclusions
clusion is not as robust as that for neutralinos, because the

distributions may change when cuts are applied on chargeg, symmarise, then, we have considered two possible ex-
_tra_lck m_ult|pI|C|ty and the sum of jet invariant masses, but planations of the observed excess in four-jet events i
it is unlikely that these will chang_e the flat distribution so g)lisions at LEP-1.5. The pair-production of (lightest) neu-
radically as to afford an explanation of the sharply-peakedyyjinos, followed by their decays to three jets apiece through
data. baryon number-violating” couplings and subsequent merg-
Finally we consider the possibility of seeing hard lep- ing of these jets to yield a four-jet signal compatible with
tons g, 1) and missing energy in conjunction with multijets the observed one turns out to be a non-starter since prac-
which could be an additional test of the chargino signal intically all the events are lost in the kinematic cuts. On the
the current data sample. We have checked that barely a simther hand, the more complicated case of (lighter) chargino
gle event is predicted for the dilepton + jets + missing energypair-production and their decay to (lightest) neutralinos and
signal. Fig. 8 shows the distribution of the single lepton +jets and/or non-isolated leptons, followed by baryon num-
jets signal in different multijet channels with a cut of 10 GeV ber violating decays of these neutralinos, with jets merging
on the minimum energy of the lepton. The largest numberas before, yields numbers adequate to explain the observed
is predicted in the three-jet channel. This varies from 2.8excess. This is essentially because the raw cross-section for
to 1.8 as the isolation criterion is changed fraftR = 0.4  chargino pair-production ir*e~ collisions is much larger
to 0.6. This channel has a larger QCD background than théhan the corresponding cross-section for neutralinos; though
four-jets channel, which, however, has a smaller number of1 large number of events are indeed lost through the kine-
events. As the isolated lepton signal is easier to detect, onmatic cuts, we are left with interesting numbers in the final
may expect it to be seen in all the detectors, so that the actuanalysis. However the event shapes turn out to be too dif-
numbers should be multiplied by a factor of about 4. It mayferent from the observation for this option to be a good
be interesting to see if these signals can be isolated fronexplanation of the four-jet anomaly.
the SM background, which would arise principally frdin Before concluding, we would like to point out two
production since, in most of the cases, the lepton lies justaveats to the results presented in this paper. One is the
outside the nearest jet. obvious requirement that more data need to be analysed so
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that the observed excess is put on firm ground and we haves. J.L.Goity and M. Sher, Phys. LeB346 (1995) 69; other bounds can
a clearer idea about the event shape. This is more so be- be found in C. S. Aulakh and R. N. Mohapatra, Phys. LBt19
cause the other experiments at LEP have not observed [1]
any such excess. Unfortunately LEP has already gone on to
higher energy runs, so such data analyses do not seem to be
forthcoming. The other caveat is the more technical point
that this analysis requires to be repeated (for the parameter

space of interest which is mapped in Fig. 4) with a more
detailed simulation of the jet kinematics and detection effi-
ciencies since the parton-level algorithm for jet-merging is

at best representative.

In spite of the relative crudity of our analysis, however,

we have been able to establish that the simplest applica-

tion of R-parity violation to explain the four-jet anomaly

is inadequate. Though indeed chargino pair-production can

yield sufficiently large cross-sections to give the four-jet ex-
cess, it leads to broad distributions in the four-jet invariant

mass which cannot explain the sharply peaked distributions,
discovered by the ALEPH Collaboration. A refined analysis 6.
using jet fragmentation and detector simulations is not likely 7.
to change the qualitative result, though the actual numbers
may change. One therefore has to look for some other ex-8
planation of the anomaly than the one studied here. In fact,

it seems from our analysis that any explanation which in-
volves jet-merging will lead to smeared distributions and

the best bet seems to be to consider two-jet decays of eacl¥-
of the produced particles, whatever they may be [21]. We

therefore conclude on a negative note. Though several inl0
teresting features have come up during the analysis, at Iea§§:

10.

one candidate solution to the four-jet problem seems to be

unacceptable.
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